Laser refrigeration of solids has emerged as a viable solution for vibration-free and compact cooling that does not require any moving parts or cryogenic liquid. So far, rare-earth doped glasses are the only bulk materials that have provided efficient laser cooling based on the anti-Stokes process. These materials have low indices of refraction and are suitable for efficient luminescence extraction. However, up until this date, laser cooling of bulk semiconductors has not been achieved. One major challenge that needs to be addressed is the photoluminescence trapping and the consequent photon recycling. In this paper, we explain various methods to enhance light extraction for the purpose of laser cooling. We specifically provide guidelines for design and fabrication of graded index and subwavelength structures to maximize the extraction efficiency. Furthermore we present novel techniques for increasing the external quantum efficiency and enhancing the overall laser cooling efficiency.
Introduction
Luminescence extraction from materials has been one of the most important issues in optics over the past decades. In many fields of research such as biology, energy-saving solid-state devices (such as light emitting diodes and solar cells) and photonic devices, efficient coupling of light across different media is required to achieve sufficiently sensitive, accurate, and fast optical functionalities and to increase the efficiency of energy conversion. Light emission and absorption are dependent on the internal chemical and physical characteristics of the material as well as its structural characteristics that determine the coupling of the light from the active medium to the outside world [1] [2] [3] [4] [5] . In this regard, various techniques have been attempted to increase light coupling. These methods rely on surface modifications, deposition of antireflective (AR) coatings, or changes of the size and shape of the material in order to enhance the light coupling. Here, we review the main strategies for increasing light extraction and outline their advantages and drawbacks in the context of optical refrigeration of semiconductors. However, many of the strategies detailed here could be directly used in the aforementioned fields.
Laser cooling has emerged as a vibration free, robust and compact technique of cooling that can achieve temperatures below 100 K [6] , clearly surpassing its technological counterpart, the thermoelectric cooler, which at best reaches $ 170 K [7] . Various techniques to refrigerate solids with lasers have been proposed. These include Coulomb assisted laser cooling in piezoelectric materials [8] , luminescence-up conversion (known as antiStokes optical refrigeration [9] ), frequency down-conversion [10] and super-radiance [11] to name a few. However, anti-Stokes has been the dominant mechanism used for laser cooling of condensed matter [9, [12] [13] [14] [15] [16] [17] [18] . Although anti-Stokes optical refrigeration is the subject of this study, efficient luminescence extraction is required to increase the cooling efficiency of all of the aforementioned laser cooling methods. The anti-Stokes mechanism is schematically shown in Fig. 1 . The laser source, which is tuned slightly below the bandgap, produces electrons at the bottom of conduction band and holes at the top of the valence band. These carriers interact with the phonons and scatter to the empty energy states. After reaching equilibrium, i.e. once they thermalize with the phonons, the average electron energy increases by kT where k is the Boltzmann constant and T is the temperature. Therefore, at equilibrium the average energy of the emitted photons by radiative recombination is higher than the absorbed laser photons. In this process, if all of the photogenerated carriers undergo radiative recombination and all the luminescence energy transfers out of the material, there will always be a net energy extraction (i.e. net cooling). The energy extraction results in the temperature drop and continues up to a point where kT becomes so small that laser cooling power gets balanced by the heating produced due to parasitic absorption of the laser. The first observation of such a phenomenon was not realized experimentally until 1995, in trivalent ytterbium ion doped heavy-metal-fluoride glass [19] . In rare earth ions, the electronic 4f levels are shielded from the surrounding by the filled 5s and 5p shells, leading to suppression of multi-phonon relaxation [20] and a high radiative recombination rate favorable for optical refrigeration. In addition, the refractive index of the host material is close to the refractive index of air providing a good extraction efficiency. It should be noted that in practice, there are non-radiative pathways that the carriers can undergo and produce heat. For semiconductors, there are two main mechanisms for non-radiative recombination: ShockleyReed-Hall (SRH) and Auger recombination [21] . SRH recombination occurs due to interaction of the carriers with crystal nonidealities such as impurities, defects, and surface states. SRH recombination can be suppressed by enhancing the quality of the crystalline structure and by passivation of the surface. Auger recombination is a three-carrier coulomb scattering process that becomes significant at high carrier densities while the SRH mechanisms become predominant at low carrier densities. Therefore, the laser intensity and the carrier density should be kept at an optimum level to suppress both Auger and SRH recombination mechanisms [21] . To have a better understanding, we recall that the external quantum efficiency is defined as [22] Bn An Bn Cn 1 in which B is the binomial radiative coefficient, n is the carrier density, A and C are SRH and Auger recombination coefficients respectively. e η is the extraction efficiency, which is equal to the fraction of the optical power extracted from the material to the total generated optical power inside the material. Cooling efficiency can be subsequently calculated as [22] E E 1 2 where E i is the energy of the pump laser photons and E f is the average energy of the emitted photons. abs η is the absorption efficiency and is equal to [23] where α is the aborption coefficent of the pump photons in the active region and b α is the absorption of the pump photons in the rest of the material and is called background absorption. Eqs.
(1) and (2) imply that in order to maximize the cooling efficiency the extraction efficiency should be maximized. This is due to the fact that if the photons get reabsorbed, then a portion of the resulting electrons and holes go through non-radiative recombination mechanism. As a result, heat is produced and significant reduction of the net extracted energy and cooling efficiency follows.
Photons can get trapped inside a material due to the total internal reflection and Fresnel reflection. However the optical energy cannot be stored in the material forever. Even in the case of perfect flat edges the angle of rays is not going to be conserved and the rays diverge due to diffraction and finally the energy is extracted out. Moreover because of the presence of an absorbing medium inside the structure, a portion of the energy is reabsorbed since the emission is associated with absorption [24] . These mechanisms result in the reduction of the output photon flux and the net extracted power. Therefore, effective strategies to reduce photon trapping are needed to assist laser cooling. We note that when the size of the structure becomes comparable to wavelength, then the above simple picture for bulk materials is not valid and a full solution of the electromagnetic wave equations is required. But even in that case the index and the size of the structure determines the amount of the power radiated out of the material in a similar fashion. For instance the higher the index and size of the material the higher the localization of the optical mode inside the material. Along the same lines, it has been shown that both the thickness and refractive index are critical for laser cooling of subwavelength cadmium sulfide nanobelts [25] . The escape cone for a bulk material with index n and air is equal to n 2 4 2 π stradians which leads to an extraction efficiency of 1/2n 2 approximately [26, 27] . This simple formula predicts an extraction efficiency of almost 5.5% for semiconductors with refractive index of 3. Such low extraction efficiency is not usually sufficient for laser cooling purposes. There are two main sources of reflection which are responsible for the low extraction efficiency as mentioned earlier: Fresnel reflection and the total internal reflection [28] . Satisfying the boundary conditions of Maxwell's equations necessitates the light refraction and transmission which is described by the Fresnel law for both TE polarization (with the the electric field parallel to the interface) and TM polarization (with the magnetic field parallel to the interface) [29] . It can be infererd from Fresnel law that the reflection increases as the index contrast between the two interface increases. Furthermore as the incident angle deviates from the normal-incidence, the reflection increases up to a point where the reflection reaches 100%. Beyond this critical angle light cannot be transmitted to the outer media and the total internal reflection happens. To have an efficient light extraction from the material both types of aforementioned reflections should be suppressed. In Sections 3.1 and 3.2 we describe effective strategies to reduce the Fresnel and the total internal reflection respectively, and lastly in Section 4, methods to simultaneously supress both reflections are discussed. Two regimes of material dimensions, bulk materials with dimensions much larger than the wavelength of the PL and structures with the dimensions comparable to the wavelength, are discussed separately. The increase in extraction efficiency should not result in material quality degradation, increase in nonradiative recombination rates and the background absorption which reduce the external quantum efficiency [see Eqs.
(1)- (3)]. For each luminescence extraction technique, we discuss its advantages and drawbacks (regarding background absorption and nonradiative recombination) and the strategies to optimize it for laser cooling applications.
Light extraction of structures with dimensions comparable to wavelength
In this section we describe two important methods to increase the extraction efficiency of the structures with dimensions comparable or smaller than the average wavelength of photoluminesence.
Subwavelength structures
Making the dimensions of the structure smaller than the photoluminescence (PL) wavelength would result in significant enhancement of radiation into far field since the electromagnetic modes in such structures are highly leaky with a very low effective refractive index [30] . A good example of this technique was demonstrated by Zhang et al. [13] for laser cooling of cadmium sulfide (CdS) nanobelts as shown in Fig. 2 . The suspended structure is thermally isolated from the substrate and therefore the reabsorption of the rays in the nonsuspended region does not affect the laser cooling of the suspended part. Other optical modes of this thin structure (with the thickness around 100 nm and the emission peak wavelength of 506 nm) which extend to air have very low effective refractive indices and thereby most of their energy is extracted out of the active region. In a recent study, it was shown that the PL reabsorption of such a structure becomes significant if the thickness of the CdS nanobelt becomes more than 120 nm while for thicknesses lower than 65 nm the total absorption of the laser becomes very low and the nonradiative recombination of carriers at the surface states prevails [25] . In general, for any "optically thin structure" there is an optimum thickness for acheiving laser cooling. We have simulated a plain slab which extends to infinity in both of the lateral directions as shown in Fig. 3 using finite difference time domain method (FDTD). A dipole source exists in the middle of the slab to simulate the photoluminesence with dipole orientations parallel and perpendicular to the air/semiconductor interface. We have also simulated the extraction efficiency for an unpolarized dipole source. The thickness of the slab is 300 nm and wavelength span from 1.5 mm to 20 mm. It is evident that as the ratio of the thickness to the wavelength decreases the extraction efficiency increases which is consistent with our expectation. It should be noted that these nanostructures have very low mass and therefore the cooling power in them is very low. For this reason, remedies for light extraction from bulk materials are more important for making practical cryocoolers. Furthermore these nanostructures should be grown without surface imperfections such that surface states do not introduce a challenge.
Photonic crystals to change the photonic density of states
The use of photonic crystal in thin slabs has been shown to increase the extracted photoluminescence power significantly [31] [32] [33] [34] . Special care is needed not to reduce the pump laser absorption due to Bragg reflections using these structures. Furthermore the change of the photonic density of the states may reduce the total radiative decay rate and the quantum effficiency [35] .
There are two main approches for using photonic crystals to enhance light extraction from the material: (1) a bandgap approach in which the photonic crystal structure completely penetrates into the active region where the light is emitted. The guided modes that lie within the bandgap radiate into far-field outside the medium efficiently. This method has been investigated both theoretically [35] and experimentally [31, 33, 36, 37] , but has two fundamental drawbacks that limit its practical application for laser cooling. First, etching through the active region can potentially increase surface recombination of the carriers that can quickly reach the etched facets and secondly a reduction in the total radiative recombination rate is probable due to the alteration of photonic density of states. (2) A shallower photonic crystal increases the light extraction through the diffraction of guided modes. In this case the guided modes are extracted due to the extra momentum added by the photonic crystal. Careful design of the photonic crystal is needed to completely extract a substantial number of guided modes. In order to effectively couple a guided modes to the air in a 1D photonic crystal, the mode should satisfy the following condition [38] :
where k || is the in-plane ( parallel to the slab surface) wavevector of the mode. n is an interger number and G is the reciprocal lattice vector and is equal to a 2 / π where a is the lattice constant of the photonic crystal and λ is the wavelength of the mode in the free space. The diffracted mode into the free space is a plane wave with the following angle in the far field:
Effective 2D photonic crystal can be designed based on the this approach to scatter most of the guided modes out of the material and to enhance the light extraction from 2D slabs. Using this technique a record of extraction efficiency (73%) among unencapsulated GaN Light emitting diodes has been reported [38] . It should be noted that for laser cooling purposes, the effective coupling of the pump laser to the semiconductor slab has to be considered. To achieve this aim, a part of the material should have a photonic crystal that can increase the pump laser considering the laser far-field pattern ( for instance: a Gaussian beam for the case of a focused beam near the point of focus) into the active region. As an example a second order grating provides a very high coupling between a single mode fiber and a slab waveguide [39, 40] . The energy difference between the pump and the photoluminescence photons (approximately kT) should be considered in all of the designs to have different couplings to different locations inside the active medium for pump and PL light. As pointed out earlier the change in the photonic density of states alters the radiative rate of the emitter and fabrication of these structures may add defects that can lead to the increase in the background absorption or surface recombination rate [37] . While the surface recombination velocity can be reduced by performing surface treatment such as passivation [41] , the background absorption can These nanobelts are very thin allowing the PL power to leak out of the active region efficiently. Adapted with permission from Ref. [13] . Fig. 3 . Simulation of light extraction from a subwavelength structure. The extraction efficiency versus thickness to wavelength ratio (t/λ) for a thin slab. Three different dipole sources were considered with polarization orthogonal (square markers) and parallel (circle markers) to the interface and an unpolarized source. The index of semiconductor (n) is assumed to be 3 and λ ¼λ 0 /n where λ 0 is the free space wavelength.
be prevented by minimzing the implantation of impurities during the fabrication. It is noteworthy to point out that photonic crystals are widely used for optomechanical backaction cooling of specific phonon modes. It has been shown that by using photonic crystals on suspended membranes, cavities that sustain highly confined optical mode with a large coupling to the specific vibrations of the membrane can be realized. These structures have been investigated for optomechanical cooling down to the quantum ground state [42] . These techniques do not lead to microscopic temperature drop as the anti-Stokes mechanism does, but as we proposed previously, they are conceptually relevant to bulk refrigeration and can be tailored to cool down a large number of mechanical modes [8] .
Light extraction from bulk materials

Reduction of Fresnel reflection
Fresnel reflection can be suppressed by optical impedence matching either by having a gradual index profile to have an adiabatic coupling from the substrate to air or by employing interferometric effects in stack of layers with quarter wavelength thickness.
Anti-reflective coatings based on destructive interference
This method is based on destructive interference of the reflected light after a round trip in each layer resulting in substantial reduction of the reflected power. The thickness of each layer is equal to one quarter of the wavelength. Since layer thickness is linked to wavelength, therefore it is a very narrowband and a unidirectional method of removing the Fresnel reflection. The total reflection coefficient can be found using the optical matrix of each layer and the transfer matrix method [43] [44] [45] . In order to be able to minimize the reflection using available materials with similar refractive indices, sufficient number of layers needs to be deposited which is a practical challenge. Increasing the number of layers can lead to increased defects at the interfaces [46] which can result in unwanted parasitic PL and pump absorption that eventually turns into heat. This is a challenge in addition to its narrowband and unidirectional nature which renders this method unsuitable for laser cooling applications.
Structures with gradually varying refractive index
Fresnel reflection originates from index differences between two different materials. Therefore one straightforward way to reduce Fresnel reflection is to reduce the index difference gradually as envisioned by Lord Rayleigh [47] . Theoretically these structures are broadband as long as the profile of index is distributed over a sufficiently longer length compared to the maximum emission wavelength [48] . There have been many efforts to achieve ideal graded index structures experimentally, having various index profiles including Gaussian, Quintic and exponential [49] [50] [51] . In the following we provide the best-reported techniques for either obtaining a direct gradual change of refractive index or by producing a gradual structural change of the high index material in the direction orthogonal to the interface to effectively suppress the Fresnel reflection. Fig. 4 shows our simulations for the transmission of rays inside a semiconductor material (n ¼3) that is covered by a half wavelength thick ( t /2 775 λ = = nm) AR coating with linear index profile. These simulations have been performed for transverse electric (TE) and transverse magnetic (TM) polarizations at normal incidence. The gradual index profile is realized by stack of layers that form a step-wise approximation of the linear change of index. As expected, for a larger number of the layers, the transmission is higher but the escape cone does not change. The TM polarized rays can transmit completely to the air at a specific angle within the escape cone. It is evident from Fig. 4 that this particular angle changes by the deposition of the AR coating and eventually in the case of a perfectly linear AR coating the transmission becomes 100% for most of the angles within the escape cone.
Silicon oxynitride (SiO x N y ) has been extensively used as broadband graded index AR coating for silicon solar cells [52, 53] . The change of composition in SiO x N y results to refractive index tuning between that of SiO 2 (1.46 at 605 nm) to that of SiN x (1.95 on o2.99 at 605 nm) [54] . Silicon oxynitride can be deposited using plasma enhanced vapor phase deposition (PECVD) [55] and low pressure chemical vapor deposition (LPCVD) [56] . For the PECVD deposition, silane gas (SiH 4 ) acts as silicon precursor with oxygen and nitrogen gases as reactants. Since the reactivity of the oxygen with the silane gas is very high, a small fluctuation of oxygen gas flow results in a considerable change of composition [57] . Mondreanu et al. [58] has calibrated the composition of SiO x N y by the gas flow rate of the NH 3 and N 2 O and also the platen temperature in a low pressure (LPCVD) chamber.
Another technique to reduce the refractive index of a material is to make it porous. If the pores are much smaller than the wavelength of the light, the medium can be regarded homogenous with an effective refractive index. The optical properties of porous materials can be studied using Bruggeman's effective medium approximation [59] . Making porous materials for the purpose of anti-reflection coating was demonstrated by many groups particularly for the solar cell application. Porous silicon can be fabricated by performing electrochemical etching with hydrofluoric acid [60] , spark processing [61] and vapor phase etching [62] . In addition spin coating of porous polymers [63] and deposition of porous SiO 2 [64] [65] [66] [67] has been used for the purpose of suppressing the Fresnel reflection. It is important to note that dense materials do not possess a refractive index lower than 1.2. This poses a challenge for gradually changing the refractive index to air. There are many proposed techniques for making porous and low refractive index dielectrics such as chemical etch-leach process on a glass surface [68] [69] [70] and sol-gel process [71] , evaporative cooling during spin coating [72] and the use of oblique angle deposition [73] . By using an optimized three-layer coating Chajed et al. [64] could obtain a broadband and omni-directional AR coating, reducing the average reflection over angle and wavelength (from 400 nm to 1100 nm) by 42.9%. This type of antireflection coatings only has a good potential to be used for laser refrigeration purposes if the problem of total internal reflection is Square markers show the graphs for the cases with only one AR layer, while the circles and triangles pertain to AR coatings with two and three layers respectively. Note that the cutoff angle of $ 18°cannot be changed with the AR coatings, and is only a function of the optical index of the material light starts and ends its path.
addressed using other suitable techniques. In addition the background absorption ( b α ) in the deposited materials should be completely characterized for the pump and PL wavelength.
Moth-eye AR coatings, which are basically arrays of small protuberances covering the surface, can be used to increase the extraction efficiency based on the concept of graded index AR coating. Wilson and Hutley showed that if the distance between these protuberances is smaller than half of the wavelength of the light in the high index medium and their height is larger than half of the free space wavelength, then they can effectively reduce the Fresnel reflection [74] . This is because from the very top surface of the structure to the bulk of the substrate the amount of the high index material in each cross section increases which in turn increases the effective refractive index of the optical mode propagating into the structure as predicted by the effective medium theory [75] . For semiconductors various techniques have been used to make these protuberances. These include etching techniques and also methods for formation of the mesa using selfassembly of another material. Here we present the most important approaches that have been used in the past for fabrication of these structures. Lastly, we explain the effect of dry etching on the side wall quality and its effect on surface recombination which critically affects the optical refrigeration.
Techniques based on dry etching
In this section, we introduce the most effective methods of employing dry etching to fabricate structures that can increase the extraction efficiency. As we explain later in Section 3.1.4, dry etching is associated with surface damage and the increase in surface recombination velocity that needs to be addressed appropriately when applying any of these methods.
Many of these techniques rely on reactive ion etching with specific recipes that leave behind randomly distributed by products as the etching continues. These by-products act as an effective mask leading to a dense subwavelength textured surface after the subsequent dry etching with a different recipe [76] [77] [78] . Depending on the geometry and aspect ratio, these structures can act as an anti-reflection coating for a broad range of wavelengths. One of the best examples of these structures is shown in Fig. 5 . The long grass of nanotips were formed on the surface of a crystalline silicon using high-density electron cyclotron resonance (ECR) plasma etching using reactive gases comprising silane (SiH 4 ), methane (CH 4 ), hydrogen (H 2 ) and argon (Ar) [79] [80] [81] . Within the general framework of the described method, some alterations are possible. For example: a silicon dioxide layer can be deposited before the first RIE as suggested in Ref. [82] to have a better control over the periodicity and the geometry of the nano-islands or by using femto second lasers [83, 84] . By optimization of this technique, extraordinary aspect ratio of the silicon nanotips was obtained by Huang et al. [76] (with the apex diameter in the range of 3-5 nm, a base diameter 200 nm and lengths from 1000 to 16,000 nm, and a nanotip density of 6 Â 10 9 cm 2 ). Subsequent measurements showed a significant suppression of reflection within a wide angle and spectral range (from UV to THz) as shown in Fig. 6 . Although these techniques are quite effective, the RIE recipes are specific for any specific materials system. Similar techniques can be applied to III-V and II-VI highly luminescent materials [85, 86] . However most of the recipes were developed for silicon solar cells and unfortunately silicon is not the material of the choice for anti-Stokes laser cooling because it has an indirect bandgap and low internal quantum efficiency (equal to external quantum efficiency when the extraction efficiency is 100%). It should be noted that there is another approach for laser cooling which has been applied to silicon and is based on the increase of the thermal emissivity after the generation of carriers [87, 88] . This technique results in a net extraction of energy from the material through blackbody radiation [74, 75] . But even in this case, the nonradiative and heat producing mechanisms set the limit for the maximum cooling and should be minimized. Therefore the lateral side wall damage and the increase in the surface recombination velocity should be carefully considered.
A note on dry etching and its damage
As pointed out earlier non-radiative recombination mechanisms propose serious challenges for the optical refrigeration of solids. Therefore care should be taken not to increase the nonradiative processes by using techniques that degrade the quality of the material and increase the SRH recombination rate. It has been shown in the past that dry etching can lead to surface damage [89] [90] [91] . This effect has been comprehensively studied by Boroditsky et al. [92] . In that study they measured the external quantum efficiency (see Eq. (1)) by referencing the PL power against a Lambertian reflector as proposed by Schnitzer et al. [93] . It was shown that while dry etching yields a much better surface morphology, which is a prerequisite for fabrication of nanoscale patterns, it damages the surface and produces dangling bonds that increase the surface recombination velocity. Therefore, appropriate surface treatment is needed to recover the surface and to eliminate the dangling bonds [94] . In the case of GaN, this has been achieved by using KOH:H 2 O (0.04 M) for 5 s [92] . To study the size-dependency of the adverse effect of dry etching on external quantum efficiency, different mesas with varying diameters were fabricated that contain single InGaAs quantum well as shown in Fig. 7(a) and (b) [92] . Fig. 7(c) shows the measured internal quantum efficiency after chemically assisted ion beam etching (dry etching), wet etching and after passivation of the wet etched surfaces. Almost a linear relationship was observed, between the inverse of the external quantum efficiency and the inverse of the diameter of the mesa. Significant suppression of the external quantum efficiency for the dry-etched surfaces is evident.
The problem of surface damage was alleviated by performing a brief wet etching (H 2 SO 4 :H 2 O 2 :H 2 O 1:8:5000) of the In 0.53 Ga 0. 47 As layer and further improvement was achieved by performing passivation using the ammonium sulfide solution as shown in Fig. 7(c) . It is noteworthy to mention that the surface quality degradation by the dry etching depends strongly on the etch depth and whether it reaches the active epilayer. Therefore a barrier layer to prevent the carriers from reaching the surface is necessary [9, 95] . It has been reported that when the etching penetrates the active region, a significant drop of PL intensity is observed because the carriers do not face any barrier to reach the damaged surface [92] . Unfortunately, because of the undercut, the wet etching of semiconductors is not usually compatible with fabrication of ultrafine nanostructures. Therefore appropriate strategies (such as surface treatment and inclusion of a barrier layer) have to be applied to address the challenges of the dry etching and to have a good compromise between the accuracy of fabrication and the increase in surface recombination velocity.
Techniques based on wet etching
These techniques rely on using acids or bases to modify the surface. Wet etching is expected to produce less side wall damage and can be even used in some cases to alleviate the damages of the surface (for instance damages caused by dry etching [89, 92] ).
Anisotropic wet etching can result in faceted micro-and nanostructures that can reduce the reflections. The surface texturing by this method can be accomplished either through randomly distributed catalyst-assisted wet etching [96] or irregular etch masks [97] . Sun et al. [98] spin-coated monolayer colloidal silica particles and used them as a shadow mask for evaporation of chromium layer. After lifting up the silica particles, nanoholes are formed on the metal surface. Through these nanoholes, KOH solution can etch the silicon substrate anisotropically, leading to inverted pyramid arrays with a normal incidence reflection of almost 10%. Another approach is to coat a large area of self-assembled monolayers consisting of octadecyltrichlorosilane islands that can be used as etch mask for KOH [97] . Such techniques can be used for wet etching of active III-V and II-VI photonic materials as well which are the main candidates for semiconductor laser cooling. As an example, for InP substrates, instead of KOH, HCl-based solutions should be used as highly-anisotropic etchant for InP based compositions [99] and a proper mask should be chosen to resist the etchant without introducing surface damage or unwanted background absorption of the pump and PL.
It should be noted that one of the ways of producing porous surface is by electrochemical wet etching. This method is based on simultaneous agitation of the etching solution by applying electrical current to the electrolyte-containing the etchant [100] [101] [102] . Usually the material to be etched is the anode and valence band holes are required for anodized oxidation and subsequent etching [103] . In practice, a large enough positive voltage should be applied such that the electrons tunnel from the valence band to the conduction band leaving behind holes. The tunneling and the etching rate are highly sensitive to the state of the surface. Therefore crystallographic defects and surface impurities which affect the state of the surface are responsible for the resulting porous structures after etching. This technique has been applied to a broad range of materials such as silicon [104] , germanium [105] , gallium phosphide [103] , gallium arsenide [106] , and gallium nitride [107] and has been further developed by using light sources (especially UV light) with a technique called photo-assisted electrochemical etching [108] . The reported PL power of the porous InP is approximately 70 percent of the unetched InP prior to etching which indicates that the surface damage is not significant [109] . It is concluded that this method has a potential for laser cooling applications compared to methods that rely on dry etching. However due to the presence of the electrode and accessories to regulate the current, it might not be suitable for mass production [110] . We note that this technique has been used to make efficient antireflection coatings for silicon substrates, but to the best of our knowledge its anti-reflective properties for other materials have not been investigated yet.
Techniques based on self-assembly of organic and inorganic structures
Self-assembly of the subwavelength structures is a simple low cost and scalable technology with minimal damage to the surface of the structure. The self-assembly can be achieved by using either organic or inorganic materials. Inorganic materials possess larger refractive indices and are preferred for laser cooling of semiconductors. Some of the self-assembly techniques are used to form a suitable mask for the subsequent etching to make AR structures. For instance the self-assembly of the octadecyltrichlorosilane islands as described in Section 3.1.5 is used to form etch mask for the wet etching. Another important technique is based on large area self-assembly of microspheres that can be used to transfer nano-patterns to a photoresist layer underneath by exposing to UV light [111] [112] [113] [114] [115] . Similar to methods based on dry etching, this method also has a high throughput. It is material independent because the patterns are transferred to photoresist. After the pattern transfer in the photoresist both wet and dry etch can be used to fabricate efficient AR structures. This is a major advantage compared to the dry etching methods that must be optimized for each material individually.
A good example of the self-assembly of the inorganic materials is the precipitation of Ca 2 CO 3 . For achieving this aim, a saturated Ca(OH) 2 is prepared in a solution and then exposed to CO 2 in the ambient which forms Ca 2 CO 3 half spheres with micro-scale dimensions [116] . This structure has shown excellent antireflection properties but it requires an equipped chamber and optimized processing conditions for CO 2 flow and temperature. Since it does not require etching, the surface damage is not expected. However the absorption spectrum of CaCO 3 should be considered to prevent the unwanted parasitic absorption. Other important self-assembly techniques for realizing AR coating include layer by layer deposition of oppositely charged nanoparticles for tuning the refractive index [117] [118] [119] and deposition of colloidal particles by either Langmuir-Blodgett [120] or spin-coating techniques [63, [121] [122] [123] . In this regard we note that the use of microspheres to increase the extraction efficiency is quite appealing for laser cooling applications. This is due to their low cost, and large availability in the market with a broad range of diameters and the refractive index. Zhu et al. [124] have shown that the extraction efficiency of the GaN diodes can be increased by more than two times using Anatase TiO 2 microspheres with the refractive index of 2.5. This method does not require etching and is thus immune from damages produced during the etching process. However the enhancement in extraction efficiency is not as significant as other methods. The light absorption in the micro-spheres and the impurities introduced during the deposition process is also critical and must be addressed before any method of colloidal particle deposition can be applied to laser cooling.
Growing porous structures
In this method, growth parameters such as the growth rate and temperature are optimized in order to texture the surface and suppress the Fresnel reflection. It has been shown that during the InGaN growth, decreasing the temperature of the wafer results in an increase in the roughness of the surface, which leads to an increase in the light transmission and an enhancement of the performance of the fabricated solar cell [125] . It should be noted that this method is based on the generation of the defect during growth, which can significantly increase the SRH recombination rate. To use this technique for optical refrigeration, the porous material should be the last grown material on the surface and should have a higher bandgap compared to the active region and a barrier layer is also needed to prevent the carriers from reaching the defective porous material where they recombine nonradiatively.
Reduction of total internal reflection
Large surface structures increase the probability of the rays hitting the interface with angles below the critical angle after a few reflections. In order to make those structures, simple techniques such as standard lithography can be used. In addition, the presence of non-ionic surfactants as shown in Fig. 8 within the wet etchant can result in the formation of very large pyramids after wet etching [126] . It has been also demonstrated that the electrochemical etching of silicon leads to the formation of large mesas [100] .
To completely suppress the total internal reflection, each ray inside the material should hit the interface orthogonally. Assuming spherical PL wave propagation at distances far from the luminescent region, attachment of a dome-shaped lens would guarantee orthogonal PL incidence on the lens/air interface. This idea was implemented experimentally both for light emitting diodes [127] and the optical refrigeration. Fig. 9 shows that a GaAs/GaInP heterostructure was attached to a ZnSe dome lens. The ZnSe hemisphere has a relatively large refractive index of 2.5 and negligible background absorption [128] . The ZnSe hemisphere was coated by a broadband (near the wavelength of the photoluminescence) anitireflection coating, ensuring that the transmitted light into the hemisphere does not bounce back by the Fresnel reflection. With the presence of a dome lens, an increase of the external quantum efficiency from 90% to 96% has been reported [129] . The main criteria for the dome lens material are a very low parastic absorption and a refractive index that is close to that of the active region. Proper optical connection of the active region to the dome lens without damaging the surface is also challenging. The final cost and the large size of the final device are shortcomings that prevent its usage in a large scale and for compact cryocooling applications. Furthermore, the large thermal mass of the dome lens lowers the cooling rate [130, 131] .
Methods to reduce both Fresnel reflection and the total internal reflection
In the previous sections, startegies that lead to suppression of either the Fresnel reflection or the total internal reflection were discussed. Here, methods that can simultaneously reduce both types of the reflections, and therefore result in an effective reduction of averaged reflection over angle and wavelength, will be described.
Combined super-wavelength and sub-wavelength structures
As described in previous section large mesas (compared to the wavelength of light) provide a platform to increase the probability of rays to hit the surface within the escape cone after a few reflections. On the other hand, subwavelength structures effectively act as graded index broadband AR coatings that reduce the Fresnel reflection. Therefore it is expected that the combination of both ideas lead to efficient Ar coatings with enhanced extraction efficiency [132] . Song et al. [28] have fabricated such a structure by first patterning microstructures with standard optical lithography. Subsequent roughening of the mesas was achieved by using silver nanolands as etching mask for dry etching and then removing the silver nanoparticles. As shown in Fig. 10(a) , the height and average distance between sub-wavelength nanocones were approximately 120 nm and 150 nm respectively, which were proven optimal for the red LED made of AlGaInP. Fig. 10(b) shows the results of the total transmittance of the scattered light from backside of the sample for subwavelength cones, microstructures and the combined subwavelength structures on the microstructures. A clear improvement of the transmission for the combined structure is observed as shown in Fig. 10(b) .
Fabrication of periodic array of Mie scatterers
Semiconductor structures can possess Mie scattering resonances for wavelengths significantly larger than the structure dimensions [133] . Based on this principle an efficient absorption in silicon nanowire solar cells has been shown [134] . Recently, improved anti-reflection properties of periodic arrays of lowaspect ratio semiconductor cylinder structures have been demonstrated as shown in Fig. 11 [135] . To have a better Fig. 8 . The use of wet etching to make large structures on the surface for reducing the total internal reflection. SEM image of a wafer after etching 20 min with ultrasonics and 10 min without agitation. The KOH solution contained 2% tetra methyl ammonium hydroxide (TMAH) and 10% isopropyl alcohol. The etching was performed at 80°C, (b) the hemispherical reflectance of sample etched with different solutions with different TAH concentrations (texturing conditions: 20 min ultrasonics þ10 min without agitation, 10% IPA, 80°C). It is evident that after etching with 2% TMAH, the weighted reflectance (WR) reduces from 41 to 13%. The illumination source used for this experiment was AM1.5D. Adapted with permission from Ref. [126] . Fig. 9 . The use of dome-lens to reduce total internal reflection. A photograph of the dome lens attached to the highly luminescent heterostructure to reduce total internal reflection.
understanding of this method, three configurations were considered for simulations as shown in Fig. 12 : a silicon sphere in air, silicon sphere on a semiconductor substrate, and a silicon cylinder on silicon substrate [135] . Fig. 12(a) shows the calculated scattering cross sections using the FDTD method. For all of these structures, peaks in resonances are identified and assigned to Mie modes. Each Mie scattering mode is a cavity mode that is confined within the semiconductor structure with a quality factor that is limited by radiative loss of the structure. Mie scattering resonance for the silicon cylinder placed on the substrate is comparatively broad and that is because a significant portion of the power of the resonance mode lies in the semiconductor underneath rather than being confined in the cavity. This means that there is a strong coupling between the silicon cylinder and the substrate and light can couple to the substrate through forward Mie scattering with the cylinder [135] . This fact is inferred from the electric field intensity distributions shown in Fig. 12(b-g) . Simulations have been performed to optimize the array of these sub-wavelength scatters to reduce the reflection efficiently. Fig. 13 shows that over the entire spectral range from 400 to 1100 nm the reflectivity can be reduced down to o2% (with exception of a small peak around 650 nm) using these structures. Interestingly the size of nanostructure is small compared to wavelength (250 nm diameter, 150 nm height, 450 nm pitch) and the surface coverage is low (about 30%) but the forward scattering is significant enough, due to the Mie resonance, to enhance the transmission significantly. The sub-wavelength dimensions of this structure, (especially the low height) allow fabricating them by dry etching without reaching the active region. Therefore, as explained before, even a thin barrier layer can be used to prevent the surface recombination at the dry etched surfaces. For these reasons, we believe that this technique is quite advantageous for laser cooling of semiconductors.
Metal particles can as well enhance the light extraction by the forward Mie scattering [136] [137] [138] [139] . There are many techniques to produce metallic structures as scattering centers on the surface such as dipping into a solution containing metal particles [140, 141] , lift off [142] and electro-deposition [143] [144] [145] . A very simple and cost effective technique is based on poor adhesion of noble metals such as gold or silver to the dielectric surface. In this method a dielectric layer (the commonly used layers are PECVD silicon dioxide and silicon nitride) is deposited on the surface. Then a thin layer of gold or silver is deposited on the surface of the dielectric. This layer has poor adhesion to the surface and upon annealing, it shrinks and forms nano-islands that can serve as efficient scattering centers. The structures are randomly oriented with no particular exact shape and size. However the average dimensions of the nano-islands are determined by the annealing time and the original metal thickness. The critical drawback is the absorption loss of the metal particles, which results in unwanted heating upon PL absorption. The plasmonic metal loss has been measured by various groups with different techniques such as near field microscopy [146] , thermoreflectance [147] and polarization fluorescence anisotropy [148, 149] . In addition to the PL absorption in the metal, the system should be designed such that the pump laser does not suffer from the scattering of the nanoparticles. Consequently, a portion of the sample's surface should be allocated for the efficient coupling of the pump laser to the active region as shown in Fig. 14 . The PL absorption by the metal nanoparticles reduces the total cooling efficiency according to Eqs. (2) and (3) by increasing the effective background absorption. A systematic study regarding the effect of the dimensions of the metal particles on the light transmission into a high index material has been performed by Ref. [150] .
In this regard it has been found that when the wavelength of the light is longer than the particle's resonance, there is enhanced transmission due to the Mie scattering as described before. When the wavelength is close to the nanoparticles' resonance, then the enhanced near-field results in an efficient energy transfer to the high index material. For wavelengths much smaller than the resonance the transmission is lower due to the destructive interference between the scattered and un-scattered electromagnetic waves which is known as the Fano effect. Laser cooling at longer wavelengths can be benefited by this method because the loss of the metal particles becomes negligible for photon frequencies much lower than the plasma frequency of the metal. To perform this test the backside of the sample was roughened to produce randomly diffused light (similar to PL for laser cooling applications). The total transmittance was measured using an integrating sphere. Adapted with permission from Ref. [28] . 
Evanescent coupling of the photoluminescence
Light reflection inside the semiconductor is associated with an evanescent wave at other side of the interface. Therefore if another medium with approximately the same refractive index comes within the decay length of the evanescent mode of the luminescent medium, there will be efficient electromagnetic energy transfer between the two (see Fig. 15 ). In this case the presence of the vacuum gap (which is usually less than 100 nm) ensures a good thermal isolation such that the absorption of the PL in the second medium would not affect the cooling of the active region. Martin et al. [130] have investigated the realization of this technique by first thermally growing 100 nm of silicon dioxide on a crystalline silicon wafer. By performing electron beam lithography nanoholes were defined in the silicon dioxide release layer. Then a layer of amorphous silicon was deposited on the top of the patterned silicon dioxide. After sacrificial etchings of the silicon dioxide layer using the buffered oxide etch, suspended amorphous silicon layer is formed and supported by nano-posts. Temperature measurements of the areas with the nanogap proved that the thermal isolation between the crystalline and amorphous silicon is Fig. 12 . Simulation of Mie scattering to understand its anti-reflective properties. Scattering cross section versus wavelength for a silicon sphere (blue), a silicon sphere on a silicon substrate (green) and a silicon cylinder on a silicon substrate (red). The first and second Mie resonances are also indicated (b-g). Electric field intensity profile of three different configurations for the first and second Mie resonance wavelengths (610 nm and 500 nm): (b,e) a silicon sphere in air, (c,f) a silicon sphere on a silicon substrate and (d,g) a sphere cylinder, with the geometry similar to Fig. 11 , on a silicon substrate. In all of the above simulations the sphere has a diameter of 150 nm and the cylinder has an in-plane diameter of 150 nm and height of 100 nm. Adapted with permission from Ref. [135] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) quite satisfactory [130] . However the yield of the fabrication was reported to be low, particularly due to the residual stress of the amorphous silicon that can make it bent and touching the substrate.
Another way of implementing of the evanescent extraction is by the use of surface plasmon polaritons. Consider a metalsemiconductor interface. Based on the Drude theory the dielectric constant of the metal can be negative near the surface plasmon resonance. As the magnitude of the negative refractive index of metal approaches that of the semiconductor a very confined plasmonic mode is formed near the interface. In this situation the plasmonic density of states becomes very high and that facilitates the transfer of optical energy to the plasmonic modes [151] . A similar technique was applied to enhance the luminescence of GaN coated with a thin film of metal [152] . Although the increase in the density of surface plasmons assists the transfer of the energy to the surface plasmon polaritons, the radiation efficiency of the surface plasmons is not high. This is due to the fact that there are electron-electron and phonon-electron interactions that interact within few femto second time scale that lead to the loss of energy and produce heat [153] . Khurgin has proposed that if the energy transferred to surface plasmon polaritons could be taken away from the active region, the aim of the laser cooling would be achieved [151] . Therefore by using a thermal isolation layer in between the metal and the dielectric and by patterning metal to have heat sink, the heat produced by the surface plasmon polaritons can be transferred to the ambient. Although this concept has been theoretically demonstrated, practical implementation of this method has not been shown yet. The difficulty associated with this technique is the residual stress and bowing of the metal that may prevent achieving a uniform nanogap across the sample. Also due to the metal loss, the imaginary component of the dielectric constant results in a different dispersion curve from the ideal case, which reduces the density of states of the plasmonic modes and the energy transfer from the semiconductor to the surface plasmon polaritons [151] .
Conclusions and perspectives
In summary, we introduced the advantages and the challenges of laser cooling of semiconductors. To improve the cooling efficiency of the anti-Stokes optical refrigeration, the extraction efficiency of the PL emitted by the material should be maximized. The aim of this review was to outline the most effective strategies to increase the PL extraction efficiency and subsequently the external quantum efficiency which is a key parameter of optical refrigeration. These strategies with their advantages, drawbacks and their relative importance for improving the performance of the future optical refrigerators have been summarized in Table 1 . They have been also categorized based on material dimensions. Properly designed subwavelength structures and photonic crystals fabricated on structures with dimensions comparable to the wavelength, can significantly increase the light out-coupling. For the case of bulk materials the two sources of reflections namely Fresnel and total internal reflections should be addressed appropriately. Two main approaches of suppressing the Fresnel reflection are the use of interferometric effects of quarter wavelength coatings and the realization of structures with gradual index profiles from the substrate to the host medium (usually air). We discussed the effect of dry etching on the final surfaces and showed that this can lead to unwanted surface recombination that generates heat. Therefore, we provided guidelines to effectively employ dry etching for making accurate subwavelength structures without significantly increasing the surface recombination rate of the photogenerated carriers. Various wet etching and self-assembly formations of AR coating were pointed out. These methods are low-cost and less destructive than dry etching. However, it is more difficult to achieve the ideal geometries with the desired refractive index profile using these methods. The suppression of total internal reflection by fabrication of large microstructures and practical use of a dome lens were explained. Finally, we introduced techniques to suppress both Fresnel and total internal reflections using AR coated dome lens, surface texturing of large mesas, Mie scattering, self-assembly of lens-like structures and evanescent PL coupling. The internal quantum efficiency of the material determines the minimum required extraction efficiency to achieve laser cooling. Therefore, considering the fabrication feasibility and its effect on non-radiative recombinations, proper strategies such as those we discussed in this paper should be applied for realizing future semiconductor optical refrigerators. However a region on the surface should be allocated for pumping the material without having the silver nanoparticles. The generated carriers are confined by the barrier layers in the vertical direction, but in the lateral directions they diffuse. Therefore PL is emitted from a larger area compared to the pump spot size. Fig. 15 . Illustration of evanescent luminescence extraction. The idea of nanogap for evanescently coupling the PL to another medium while maintaining the thermal isolation. Adapted with permission from Ref. [9] . Realization of this structure has been reported by Ref. [130] . 
